The molecular basis for the decline in experience-dependent neural 25 plasticity over age remains poorly understood. In visual cortex, the robust 26 plasticity induced in juvenile mice by brief monocular deprivation (MD) during the 27 critical period is abrogated by genetic deletion of Arc, an activity-dependent 28 regulator of excitatory synaptic modification. Here we report that augmenting Arc 29 expression in adult mice prolongs juvenile-like plasticity in visual cortex, as 30 assessed by recordings of ocular dominance (OD) plasticity in vivo. A 31 distinguishing characteristic of juvenile OD plasticity is the weakening of 32 deprived-eye responses, believed to be accounted for by the mechanisms of 33 homosynaptic long-term depression (LTD). Accordingly, we also found increased 34 LTD in visual cortex of adult mice with augmented Arc expression, and impaired 35 LTD in visual cortex of juvenile mice that lack Arc or have been treated in vivo 36 with a protein synthesis inhibitor. Further, we found that although activity-37 dependent expression of Arc mRNA does not change with age, expression of Arc 38 protein is maximal during the critical period and declines in adulthood. Finally, we 39
Introduction
type of ocular dominance (OD) plasticity is one of the great challenges in 69 neuroscience (1). 70
It is now well established that OD plasticity after MD occurs through 71 synaptic plasticity of excitatory transmission, employing mechanisms that include 72 homosynaptic long-term depression (LTD), metaplasticity and homeostatic 73 scaling of AMPA-type glutamate receptors (2, 3) . Clues into the molecular basis 74 for the decline in juvenile plasticity have come from several diverse experimental 75 treatments that can restore or prolong sensitivity to MD in adult animals. These 76 include genetic manipulations that slow the maturation of cortical inhibition (4, 5), 77 enrichment of animal housing conditions (6), increased exposure to visual 78 stimulation (7), and enhanced modulatory neurotransmission (8). It has been 79 suggested that a common thread connecting these varied treatments might be an 80 increase in the ratio of excitation to inhibition (9, 10). However, it is completely 81 unknown how, at the molecular level, general increases in cortical activity can 82 facilitate deprivation-induced synaptic plasticity in adult visual cortex. Since the 83 immediate early gene Arc is exquisitely sensitive to changes in cortical activity, 84 and is essential for both OD plasticity and modification of excitatory synaptic 85 transmission (11-13), we set out to determine whether availability of Arc limits or 86
Augmentation of Arc expression in adult mouse visual cortex extends the 92 critical period of juvenile ocular dominance plasticity 93
In young mice (≤ postnatal day (P) 40), the main consequence of short (3-94 4 days) MD is the robust loss of cortical responsiveness to stimulation of the 95 deprived eye. A compensatory potentiation of responses to the non-deprived eye 96 may also occur, typically observed with longer periods of MD (5-7 days) (14) . 97
Importantly, although open-eye potentiation after long duration MD is also 98 observed in adult rodents, deprived-eye depression is only observed during the 99 juvenile critical period in animals housed under standard laboratory conditions 100 (15, 16) . We predicted that augmenting Arc levels would prolong juvenile 101 plasticity, as defined by closed-eye depression, past the conventional critical 102 period in mouse visual cortex. To test this prediction we utilized a transgenic 103 mouse line that expresses an additional allele of Arc tagged with mCherry in an 104 activity-dependent manner that is driven by the Arc promoter in a similar manner 105 6 Arc-Tg: n = 10, Baseline = 227 ± 21 μV, Post-MD = 159 ± 22 μV, p = 0.01; paired 115 t-test; Figure 1B ). As expected, adult P180 WT mice did not exhibit depression of 116 contra VEP amplitude after MD, reflecting the loss of juvenile plasticity. In sharp 117 contrast, P180 Arc-Tg mice still exhibited a significant decrease in contra VEPs 118 (WT: n = 7, Baseline = 184 ± 19 μV, Post-MD = 183 ± 20 μV, p =0.9; Arc-Tg: n = 119 6, Baseline = 208 ± 26 μV, Post-MD = 136 ± 20 μV, p = 0.02; paired t-test; Figure  120 1C), comparable to the decrease observed in WT juveniles. There was a 121 significant treatment by genotype interaction, indicating that OD plasticity differs 122
in Arc-Tg mice compared with WT mice (repeated measures ANOVA; p = 123 0.0092). 124
Because the chronic VEP method enables measurements of response 125 strength in the same mouse before and after MD, we can also analyze the 126 qualities of the OD shift by plotting the fractional changes in response magnitude 127 to stimulation of the deprived contra eye and the ipsi eye (19, 20) . This analysis 128 confirms that at P30, both WT and Arc-Tg mice exhibit robust and comparable 129 levels of contralateral eye depression, and a variable potentiation of the non-eye depression (WT: contralateral depression = 1.0 ± 0.01, ipsilateral potentiation 138 = 1.3 ± 0.1; Arc-Tg: contralateral depression = 0.7 ± 0.1, ipsilateral potentiation = 139 0.9 ± 0.2, p = 0.03; MANOVA; Figure 1D ). 140
These data show that augmenting Arc levels in adult mice prolongs 141 juvenile-like OD plasticity, as evidenced by deprivation-induced synaptic 142 depression, well past the conventional critical period in mice. 143 144
Activity-dependent Arc protein expression is high during the critical period 145 and low in adulthood 146
We reasoned that if availability of Arc influences the qualities of OD plasticity, Arc 147 expression might decline as the animal ages. In mouse visual cortex, Arc is first 148 detected after eye-opening (~P14) and expression steadily increases until ~P30, 149 corresponding to the age of peak sensitivity to MD (21). To determine whether 150
Arc levels decline with age, WT or Arc-Tg mice were sacrificed at P30 or P180. 151
Basal Arc expression in visual cortex is highly variable under standard housing 152 conditions (21); therefore, we housed mice in the dark for 24 h, then either 153 sacrificed them immediately ("dark" condition), or exposed them to light for 2 h 154 ("light" condition) before sacrifice (n = 6/group) (22). The brain was fixed, 155 sectioned at 30 μm on a cryostat, and immunohistochemistry (IHC) was 156 performed for Arc protein on sections of brain containing primary visual cortex. 157
The integrated density of Arc-expressing cells in layer IV of visual cortex was 158 measured with the experimenter blind to genotype and age ( Figure 2A) . A three-159 way ANOVA comparing genotype (WT or Arc-Tg), age (P30 or P180), and condition (dark or light) revealed a main effect of genotype (p < 0.0001), age (p = 161 0.02), and condition (p < 0.0001), as well as a genotype x condition interaction (p 162 = 0.02). Post hoc Student's t-tests showed that in P30 mice, light significantly 163 induced Arc expression in both WT and Arc-Tg mice (WT: light > dark; light: 4.5 ± 164 1.3, dark: 1 ± 0.6, p = 0.02; Arc-Tg: light > dark; light: 8.2 ± 1, dark: 2.7 ± 2.7, p = 165 0.002). However, Arc-Tg mice expressed significantly more Arc after light 166 exposure than WT mice (p = 0.008). At P180, WT mice no longer showed 167 detectable Arc expression, even after light exposure. Arc-Tg mice, on the other 168 hand, exhibited significant Arc expression after light exposure (light: 7.1 ± 0.8, 169
dark: 1.8 ± 1.2; p = 0.001). Furthermore, levels of light-induced Arc in P180 Arc-170 Tg mice were not significantly different from P30 Arc-Tg mice (p > 0.05), 171
suggesting that activity-dependent expression of Arc in Arc-Tg mice does not 172 decline with age. These data show that activity-dependent Arc protein expression 173 significantly declines with age in WT but not in Arc-Tg mice. This loss of 174 endogenous Arc protein over age correlates with the decline of deprived-eye 175 depression following MD. 176
Arc transcription and translation are exquisitely regulated in the brain and 177 are finely tuned to experience and neuronal activity (12). Of particular interest, 178 transcription and translation of Arc can be independently regulated by activity 179 (23). We therefore sought to determine whether endogenous activity-dependent 180
Arc mRNA expression also declines with age. Mice underwent dark and light 181 exposure as described above (n = 3-5/group). The visual cortex was dissected revealed a main effect of genotype (p = 0.002) and condition (p = 0.0002) but not 184 age. Post hoc t-tests showed that light-induced Arc mRNA expression was higher 185
in Arc-Tg than WT mice (P30 WT: 2.9 ± 0.9, P30 Arc-Tg: 9.8 ± 1.6, p < 0.0001; 186 P180 WT: 3.3 ± 0.7, P180 Arc-Tg: 16.7 ± 1.1, p < 0.0001). Interestingly, however, 187 levels of activity-induced Arc mRNA expression did not differ with age in either 188 genotype (p > 0.05). These data suggest that availability of endogenous Arc 189 which also diminishes with age (24). In addition to the profound deficit in OD 198 plasticity (11), juvenile (P20-25) Arc knock-out (KO) mice also exhibit impaired 199 layer IV LTD in visual cortex, induced in slices with low-frequency stimulation 200 (LFS) of the white matter, as compared with WT mice that showed robust LFS 201 LTD (WT: n = 7 slices, 4 mice 67.5 ± 5.7%; Arc KO: n = 7 slices, 5 mice 90.6 ± 202 4.6%; p < 0.001, t-test; Figure 3A ). We therefore hypothesized that the 203 persistence of juvenile OD plasticity in adult Arc-Tg mice was accompanied (and 204 perhaps accounted for) by continued expression of juvenile-like LTD. To ensure 205 expression of Arc protein in the slices, mice were exposed briefly (30 min) to an enriched environment prior to sacrifice as described previously (23). We 207 measured LTD at P30-40, when both WT and Arc-Tg mice show comparable 208 juvenile OD plasticity, characterized by robust deprived-eye depression after MD. 209 At this age, LTD in WT and Arc-Tg mice was also comparable (WT: n = 9 slices, 210 7 mice 75.4 ± 11.6%; Arc-Tg: n = 7 slices, 6 mice 81.3 ± 7.1%; p > 0.5, t-test; 211 Figure 3B ). However, in striking agreement with the findings of juvenile levels of 212 deprived-eye depression following MD (Figure 1 ), we found that LFS induced 213 significant LTD in adult (P180-200) Arc-Tg slices but not in WT littermate slices 214 (WT: n = 11 slices, 6 mice 102.8% ± 8.7; Arc Tg: n = 12 slices, 6 mice 74.5 ± 215 7.9%; Figure 3C ). The difference between genotypes was significant (p = 0.04, t-216 test). 217 218
Inhibition of protein synthesis in vivo impairs LTD in juvenile visual cortex 219
The apparent requirement of Arc translation for deprived-eye depression 220 may offer a partial explanation for why juvenile OD plasticity following brief MD is 221 impaired when the visual cortex is infused locally with the protein synthesis 222 inhibitor cycloheximide (CHX) (25). If this explanation is correct, and the 223 mechanisms of LTD are utilized for deprived eye depression following MD, we 224 would also expect to observe reduced LTD ex vivo following microinfusion of 225 CHX into visual cortex. To test this prediction, WT visual cortex was infused in 226 vivo via an osmotic minipump with CHX for four days as described (25), and then 227 slices were prepared to study LTD. Similar to our observations in the Arc KO, 228
there was no LTD in juvenile visual cortex after chronic inhibition of protein synthesis (saline: n = 5 slices, 4 mice, 72.4 ± 8.6%; CHX: n = 7 slices, 5 mice, 230 96.2 ± 5.9%; t-test, p = 0.02, Figure 3D ). Together, these findings are consistent 231 with the hypothesis that translation of Arc gates the mechanism of deprivation-232 induced synaptic depression in visual cortex. 233 234
Acute expression of Arc in adult mouse visual cortex is sufficient to re-235 open the critical period of juvenile ocular dominance plasticity 236
Augmenting the availability of Arc protein throughout development and 237 into adulthood prolongs the critical period for juvenile OD plasticity ( Figure 1) . 238
However, this does not address whether restoring Arc protein expression is 239 sufficient to re-open the critical period of OD plasticity once it has closed. To 240 determine whether acutely increasing Arc protein in adult visual cortex is 241 sufficient to restore juvenile-like plasticity, we expressed Arc using a lentivirus 242 injected into visual cortex of P180 WT mice ( Figure 4A ). Lentivirus containing 243 GFP-Arc or GFP was injected into layer IV of visual cortex and baseline VEP 244 recordings were conducted one week after virus injection. Unlike the Arc-Tg 245 mice, viral Arc over-expression is constitutively driven and not activity-dependent. 246
Based on previous studies (26, 27), we predicted that VEP amplitude might be 247 depressed by constitutive Arc expression since the VEP is mainly a synaptic 248 population response that correlates with surface AMPAR expression (11). 249
Indeed, a significant decrease in overall binocular VEP amplitude was observed 250 compared with GFP-injected mice (GFP-injected mice: 197 ±30 µV; GFP-Arc-251 injected mice: 75 ± 21 µV; p = 0.005; Figure 4B ). No deprived-eye depression was observed in GFP-injected mice following short (3-4 days) MD (GFP, 253 normalized to baseline contra values: n = 11, contra Baseline = 1 ± 0.2, Post-MD 254 = 0.9 ± 0.2, p = 0.4; paired t-test; Figure 4C ). However, despite a reduction in 255 baseline VEP magnitude, contra VEP responses were further reduced after MD 256 in GFP-Arc-injected mice (GFP-Arc, normalized to baseline contra values: n = 5, 257 contra Baseline = 1 ± 0.2, Post-MD = 0.6 ± 0.2, p = 0.02; Figure 4D ). Further, 258
when comparing the fractional change in contra and ipsi-eye visual responses 259 following MD, there was a significant difference between GFP vs. GFP-Arc 260 injected mice (GFP: contralateral depression = 0.9 ± 0.1, ipsilateral potentiation = 261
1.4 ± 0.1; GFP-Arc: contralateral depression = 0.5 ± 0.1, ipsilateral potentiation 262
1.0 ± 0.1; p = 0.01, MANOVA; Figure 4E ). Critically, the fractional OD shift in the 263 P180 GFP-injected mice was the same as non-injected WT P180 (p = 0.3; 264 MANOVA), indicating virus injection had no effect on cortical responses or OD 265 plasticity. Additionally, the fractional OD shift in P180 WT mice injected with 266 GFP-Arc did not significantly differ from age matched Arc-Tg mice, indicating that 267 acute, viral expression of Arc can restore OD plasticity to a similar degree to that 268 achieved by transgenic augmentation of Arc throughout life (p = 0.6; MANOVA; 269 Figure 4E ). Intriguingly, not only was contra-eye depression observed in Arc-Tg 270 mice but a lack of ipsi-eye potentiation was also observed, further suggesting 271 that Arc protein levels control the qualitative aspects of OD plasticity. Considering the key role for Arc in determining the qualities of OD 288 plasticity in visual cortex of juvenile animals, we predicted that the loss of 289 deprived-eye depression after MD in adult visual cortex correlates with a lack of 290 activity-dependent Arc expression. Indeed, we found that endogenous Arc 291 protein expression in the active visual cortex declines with age, coincident with 292 the loss of juvenile plasticity. Surprisingly, however, we found that activity-293 dependent Arc mRNA expression is comparable in juvenile (~P30) and adult 294 (~P180) WT mouse visual cortex. This finding implies that the normal decline in 295
Arc protein expression in active visual cortex results from a decrease in 296 experience-dependent Arc translation, which can occur via mechanisms that are distinct from those regulating activity-dependent transcription (12, 23) . The lack 298 of decline in activity-dependent Arc expression in Arc-Tg mice could be due to 299 the increase in Arc mRNA levels. Alternatively or in addition, the extra Arc allele 300 in the Arc-Tg line does not contain an intron in the 3'UTR region, which may 301 result in an increase in mRNA stability in dendrites due to a lack of nonsense 302 mediated decay (28) and would thus potentially have a longer half-life than 303 endogenous Arc mRNA. Restoration of juvenile plasticity in adult mice injected 304 with GFP-Arc suggests that the presence of Arc protein in visual cortex is 305 sufficient for juvenile OD plasticity. 306
Deprived-eye depression after MD is believed to occur via mechanisms 307 revealed by the study of LTD in layer IV. LTD in this layer is triggered by NMDA 308 receptor activation and expressed by internalization of AMPA receptors (29). 309
Although NMDA receptor-dependent LTD is not affected by acute (in vitro) 310 inhibition of protein synthesis (30), we discovered that chronic inhibition of protein 311 synthesis by in vivo microinfusion of CHX, which has been shown to prevent 312 deprived-eye depression (25), impairs layer IV LTD ex vivo. These findings are 313 reminiscent of the recent observation that chronic, but not acute, inhibition of 314 metabotropic glutamate receptor 5 (mGluR5) can disrupt both deprived-eye 315 depression after MD and LTD in layer IV (19). Activity-dependent synthesis of 316
Arc protein occurs downstream of mGluR5 activation (12, 23). Thus a simple 317 explanation for this constellation of findings is that NMDA receptor-dependent 318 LTD and deprived eye depression require Arc protein as a necessary cofactor, 319 and are thus inhibited by chronic block of either mGluR5 or protein synthesis.
Decreased availability of Arc, and a consequent down-regulation of the 321 mechanisms of LTD, also offers a simple molecular explanation for the age-322 dependent loss of synaptic sensitivity to visual deprivation. 323
Inhibition develops later than excitatory transmission in the cortex, and it 324 has been suggested that the consequent decrease in the ratio of excitation to 325 inhibition brings the critical period for juvenile plasticity to a close (10). We 326
propose that decreasing the excitability of the visual cortex ultimately affects OD 327 plasticity by preventing the activity-dependent expression of key activity-328 regulated plasticity proteins at the synapse that are important mediators of 329 excitatory synaptic modification, such as Arc. Indeed, in addition to manipulations 330 of inhibition, OD plasticity can be restored in adult rodents exposed to an 331 enriched visual environment (6, 7), treated chronically with fluoxetine (8), or 332 genetically engineered to express constitutively active CREB (31), manipulations 333 that also increase Arc protein levels (32). The precise regulation of Arc 334 expression during development, therefore, provides a potential mechanistic link 335 between the maturation of inhibition and changes in the qualities of excitatory 336 synaptic modification over the lifespan. 337 338
Materials and Methods

339
Animals 340
Lines of Tg mouse harboring the Arc-promoter mCherry-Arc transgene (mCherry-341 Arc/Arc) were generated as previously described (18 MD (WT n = 7, *p = 0.03; Arc-Tg n = 10, *p = 0.01). Additionally, Arc-Tg mice 491 exhibited a small but significant increase in ipsilateral (open eye/ipsi) VEPs (Arc-492
Tg p = 0.008). There is no significant difference between WT and Arc-Tg animals 493 before or after MD. (C) At P180, only Arc-Tg mice exhibit a significant decrease 494 in contra VEPs (Arc-Tg n = 6, *p = 0.02). (D) Plot of the fractional change in 495 contralateral (X-axis) and ipsilateral (Y-axis) eye VEPs following MD (same data 496 as in B and C). At P30 there is no significant difference between WT and Arc-Tg 497 mice. However, at P180 there is a significant difference between the fractional 498 change of WT and Arc-Tg mice following MD (p = 0.03). Data are represented as 499 mean ± S.E.M. 500 Immunohistochemistry for Arc expression in layers I-IV of visual cortex after 24 h 504 of being housed in the dark, or 24 h of dark-housing followed by 2 h of light 505 exposure. Layer IV Arc expression is quantified in the graphs (n = 6/group). Light 506 increased Arc expression in both WT and Arc-Tg mice at P30 (WT *p = 0.02; Arc-507
Tg p = 0.002), but Arc levels were higher in Arc-Tg mice ( # p = 0.008). At P180, 508
WT mice did not express Arc after light exposure, while Arc-Tg mice exhibited 509 the same light-induced increase in Arc observed at P30 (*p = 0.001). Scale bar = 510 100 μm. (B) WT and Arc-Tg mice were dark housed for 24 h and then either 511 sacrificed in the dark ("dark" condition) or exposed to light for 2 h prior to sacrifice 512 ("light" condition). qRT-PCR was run on dissected visual cortex to quantify Arc 513 mRNA expression. All values were first normalized to GAPDH to control for total 514 RNA levels. Light induced Arc mRNA expression was higher in Arc-Tg mice than 515 WT mice at both P30 and P180 (P30 *p < 0.0001; P180 *p < 0.0001). However, 516 light-induced mRNA expression did not decrease with age in WT mice. Plotted 517 data is normalized to P30 WT dark (n = 5 for WT Light, n = 4 for Arc-Tg light, and 518 n = 3 for all dark groups). Data are represented as mean ± S.E.M. smaller VEPs than GFP injected mice (GFP n = 11; GFP-Arc n = 5, *p = 0.005). 539
Traces represent average VEPs for GFP and GFP-Arc injected mice. (C) Data 540 was normalized to baseline contra values. There was no significant change in 541
Contra VEP amplitudes following MD in GFP-injected animals (p > 0.05), 542 however there was a significant ipsi increase (*p = 0.003). (D) Data was 543 normalized to baseline contra values. GFP-Arc injected mice exhibited significant 544 contra depression following MD (*p = 0.016) and no change in ipsi responses.
(same data as in C and D; Non-injected WT and Arc-Tg data from Figure 1 B) . 548
There is a significant difference between the fractional change in visual 549 responses between GFP and GFP-Arc injected mice (p<0.01). GFP-injected 550 mice exhibit the same lack of change as non-injected P180 WT mice (p=0.3), 551 while GFP-Arc injected mice exhibit the same degree of change as non-injected 552 assumptions about bidirectional synaptic mosynaptic depression that have now been The experimental model of homosynaptic ession (LTD) was introduced to facilitate the mechanisms that might underlie the 12]. Here, we will review the evidence accue past 25 years that LTD mechanisms serve e (OD) plasticity in visual cortex.
Ocular dominance plasticity
The study of cortical plasticity as a result of MD has revealed a great deal about how experience shapes receptive elds in V1 [13, 14] . MD reliably causes OD plasticity in all mammals with binocular vision, manifest as a reduction of V1 responsiveness to input through the deprived eye and enhancement of responsiveness to input through the non-deprived eye. 
